We theoretically analyze doubly resonant infrared-visible sum-frequency (DR IVSFG) 
I. INTRODUCTION
Molecules at an interface often behave differently than they do in bulk. This may be ascribed to the fact that molecules at surfaces are better oriented [1] and their electronic structures are modified by the interaction with substrate [2] . Therefore probing the orientation and electronic structures of molecules at an interface becomes an essential step for better understanding of the surface dynamics and chemistry of adsorbates.
Recently, second-order nonlinear optical effects have been demonstrated to be an effective and versatile probe of the static [3, 4] and dynamic [5, 6] properties of molecules and surfaces. During this investigation, various mechanisms of resonance enhancement were used to improve the spectroscopic capability of these techniques. In fact, fairly good agreement between the theoretical calculation and experimental result of resonant secondharmonic generation (SHG) from molecular systems has been achieved [7] . Unfortunately, the line shape of resonant SHG is often too broad to be sensitive enough for identifying molecular species. This, however, has been shown to be remedied by a newly developed technique called infrared-visible sum-frequency generation (IVSFG) [3] .
IVSFG is also a second-order nonlinear optical process in which two input laser beams, one at the infrared frequency~& and the other at the visible frequency co2, interact and generate an output at the sum [8] . In the past, this was conducted by probing the phase relaxation processes through the measurement of the excitational linewidth [9] . Theoretical efFort to understand such surface relaxation is then focused on relaxation models that can produce the measured spectral line shape [10] . However, the width of a spectral line is often dominated by inhomogeneous broadening.
To find the homogeneous linewidth, i.e, the inverse of the dephasing time, it is necessary to resort to spectroscopic techniques capable of suppressing inhomogeneous broadening [11] or directly measure the phase relaxation rate in time domain with coherent optical processes such as photon echoes [12] .
A one-to-one correspondence between each wavemixing process capable of producing spectra with reduced inhomogeneous broadening and photon-echo processes was established [13] . In a recent study, Shen further pointed out that doubly resonant differencefrequency generation (DR DFG) in the time domain with properly time-ordered input pulses can yield an output in the form of a rephased echo [14] . This immediately suggests that doubly resonant infrared-visible differencefrequency generation (DR IVDFG) be used to probe the coherent phase relaxation of surface vibrations without resorting to higher-order nonlinear optical processes [25] . The general theory of sum-frequency generation (SFG) in reQection from the surface of a nonlinear medium has been described in detail elsewhere [15] . As shown in Fig.   1 [13, 16] to Fig. 2 gf Acof (a&taf + g ).
Equation (3) can be conveniently converted to the following form [19] :
The random perturbation of the partially symmetric normal modes on the periodic motion of an optically active vibration is embedded in the radiative damping constant of the FC active vibration [18] . Similarly to the case observed with resonance Raman scattering (RRS) [17, 19] , the electron-vibration coupling in each optically active mode will also contribute to DR IVSFG. In the approximation of the Born-Oppenheimer separation of electronic and nuclear motions, a single-photon allowed vibronic transition is found to be described very well by a linearly coupled vibronic system. The linearly displaced vibrational Hamiltonian of the excited state in this model has the form [19] tion frequency. The electronic transition moment function e-r's(q) for a totally symmetric normal mode can be replaced by a constant which is the value evaluated at the equilibrium configuration (q=O) of the ground electronic state, i.e. , the Condon approximation er-' (q) = -er's-(q =0) . 
where P =i gI g/(a/+a~), with g&=L//(hcoI). The quantity ttPs =to, -g& gIto& is the zero-phonon transi-
Substituting Eqs. (4) and (5) into Eq. (2), we obtain (5b) states approach and focus on key physical parameters.
Equations (7) - (9) at the surface will generate the maximum coherent output whenever the phase difference vanishes [13, 14] , i.e. , Od(t, g}=0, (17) This indicates that with properly time-ordered input pulses (t2 & t) }, the transient DR IVDFG will give rise to a photon echo of frequency o)d at t =t, which is later than both t2 and t, [14] [see Fig. 4(a) ]. It is noted that Eqs. (7) and (9) allow the connection between the absorption spectrum and DR IVSFG amplitudes of normal modes of adsorbates. This relation is similar to the transform theory of resonance Raman scattering [17] ,which seeks to determine the Raman excitation profile (REP) from the absorption cross section. In an indirect approach of RRS model potentials are used to calculate the time cross correlation function ((b~a(t)) ) which can then be transformed to the frequency domain.
The parameters of the potential energy surfaces can be adjusted in order to get a good fit of the experimental profile. In this respect, a direct inversion of resonant Ra- has been proven to be feasible [23] .
In In an indirect approach, we can fit these DR IVSFG profiles to Eq. (7) with the help of model potential surfaces to determine the rest parameters (gf y g 7/pktp g, and to, ). We will elucidate this procedure in detail by using a model molecule with linearly displaced harmonic potential surfaces along three FC active normal mode coordinates. The vibrational frequencies and disp1ace-ment parameters of these vibrational modes are described in Table I . Table I . The calculated spectrum with the displacement parameters, {g~), taken from set 1 in Table I is 
